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The effect of a synthetic polyanion of M, 10 000 (a copolymer ofmethacrylate, maleate and styrene in a 1: 2: 3 proportion) 
was studied on isolated rat liver mitochondria and on mitochondrial porin reconstituted into lipid bilayer membranes. 
Increasing concentrations of the polyanion inhibited the adenyl kinase located between both mitochrondrial membranes 
in a dose-dependent fashion, Upon addition of the detergent digitonin in increasing concentrations the adenyl kinase 
activity was fully reversible. In reconstitution experiments with mitochondrial porin the polyanion increased the voltage 
dependence of the pore in such a way that the pore is switched into the closed state at much smaller voltages than in 
the absence of the polyanion. The asymmetric addition of the polyanion resulted in an asymmetric shift of the voltage- 
dependence of the pore. If the voltage is negative at the cis-side (the side of the addition of the polyanion) the pore closed 
rapidly whereas it was always open for potentials of opposite polarity. The results are discussed on the basis of a modifica- 
tion of the gate properties of the mitochondrial porin by the polyanion and by the assumption that the closed state of 
the pore is not permeable for nucleotides. 
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1. INTRODUCTION 
The mitochondrial outer membrane seems to be 
freely permeable to a variety of hydrophilic solutes 
[1,2] such as the substrates of the oxidative 
phosphorylation and ions. On the other hand, it is 
impermeable to molecules with higher molecular 
masses [3,4]. This result indicated that the outer 
mitochondrial membrane contains a defined 
pathway for the mostly anionic substrates of 
mitochondrial metabolism. Pore-forming activity 
has been found in a crude extract of Paramecium 
mitochondria [5] and subsequently pore-forming 
proteins (named mitochondrial porin [6,7] or 
VDAC [S,S]) have been isolated and purified from 
mitochondrial outer membranes of different 
eukaryotic cells [6-161. Mitochondrial porins form 
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general diffusion pores in the mitochondrial outer 
membrane which share some similarities with the 
pores formed by bacterial porins [6,7,10,14-161. 
However, in contrast to the pores formed by 
bacterial porin, the mitochondrial pore switches to 
substates if the voltage across the membrane ex- 
ceeds values of 20-30 mV [5,7-161. The substates 
have a reduced permeability towards ions and most 
likely also towards the substrates of oxidative 
phosphorylation. This could mean that a potential 
across the mitochondrial outer membrane could 
control the mitochondrial metabolism. Evidence 
for such a control is not directly given in the 
literature. On the other hand, Kijnig et al. [17] 
have reported experiments with a polyanion of A4, 
10000 (a copolymer of methacrylate, maleate and 
styrene in a 1: 2 : 3 proportion) which has suggested 
strong inhibition of the adenine nucleotide translo- 
cator in rat liver mitochondria. Furthermore, the 
polyanion inhibited also, but with a different sen- 
sitivity, other inner membrane transport systems 
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such as the oxoglutarate, dicarboxylate and tricar- 
boxylate carriers [18]. These data have been ex- 
plained on the basis of a direct interaction between 
polyanion and the carriers. 
The existence of the outer membrane pore with 
a defined exclusion limit around 2.5 kDa makes a 
direct interaction between the carriers and the 
polyanion of M, 10000 questionable. Although a 
direct interaction with the carriers and the poly- 
anion cannot be excluded it seems more likely that 
the polyanion interacts with an outer membrane 
component, most likely the pore, as has been sug- 
gested by patch-clamp experiments and studies of 
the porin channel [19,20]. We therefore inves- 
tigated the effect of the polyanion on the transport 
across the outer membrane in in vivo and in vitro 
experiments. The first assay was done by analyzing 
the activity of adenylate kinase located between the 
two mitochondrial membranes as a function of the 
polyanion concentration. In a second set of ex- 
perimental conditions we studied the effect of the 
polyanion on the properties of the pore recon- 
stituted into artificial Iipid bilayer membranes. 
2. MATERIALS AND METHODS 
2.1. Isolation of mitochondria and of the mitochondrial porin 
Female rats of the Chbb-THOM strain (200-250 g body wt) 
were fed with a standard iet of Ahromin (Lage, FRG). 
Mitochondria were isolated from rat liver by differential cen- 
trifugation i a medium containing 0.25 M sucrose, 0.1 mM 
EGTA and 10 mM Hepes (pH 7.4) (sucrose medium) as de- 
scribed [21]. The mitochondrial porin was isolated as described 
[131. 
2.2. Assays 
Adenylate kinase (EC 2.7.4.3) was determined 
photometrically in the presence of rotenone and oligomycin as 
described [21]. To keep the mitochondrial structure intact, the 
assay was performed in sucrose medium. 
2.3. Treatment of isolated mitochondria with ihe pofyanion 
The mitochondrial fraction contained a protein concentra- 
tion of 30 mg/ml. Aliquots of 0.2 ml of this mitochondrial 
suspension were incubated for 5 min at room temperature with 
concentrations f the polyanion (a kind gift of Tamas KBnig 
[17]) ranging from 5 to 200 pg/ml. The suspension was subse- 
quently centrifuged for 1 min in a tabletop centrifuge to remove 
the unbound polyanion. The supernatant was then removed and 
the sediment was resuspended in the original volume of sucrose 
medium in the absence of the polyanion. 
2.4. Treatment of mitochondria with digitonin 
Mitochondria were treated with the polyanion as described 
above and resuspended in sucrose medium. The mitochondrial 
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suspension contained a total protein concentration of 
30 mg/ml. Aliquots of 0.2 ml of this mitochondrial suspension 
were incubated for 30 s at room temperature with concentra- 
tions of digitonin ranging from 10 to 2OO/cg/mg of total pro- 
tein. Aliquots of the suspension were directly used to determine 
the adenylate kinase activity and oxidation rates. This resulted 
in a dilution of digitonin in the enzyme assays and in the oxygen 
electrode by a factor of 100 and 20, respectively. 
2.5. Lipid bilayer experiments 
Black lipid bilayer membranes were formed as described 1221. 
The instrumentation consisted of a Teflon chamber with two 
aqueous compartments connected by small circular holes. The 
holes had a surface area of either 1 mm’ (for the multi-channel 
measurements) or 0.1 mm’ (in the case of the single-channel ex- 
periments). Membranes were formed across the holes by 
painting on a 1% solution of soybean lecithin (asolectin) (Avan- 
ti Biochemicals, Birmingham, AL) in n-decane. Bilayer forma- 
tion was completed when the membrane turned optically black 
to reflected light. The aqueous 1 M KC1 solutions (Merck, 
Darmstadt, FRG) were unbuffered (pH around 6.5) or were 
buffered with 10 mM Mops (pH 7). The mitochondrial porin 
[lo] was added from the concentrated stock solution either to 
the aqueous phase bathing a membrane in the black state or im- 
mediately prior to membrane formation. The temperature was 
maintained at 25OC throughout. 
The membrane current was measured with a pair of calomel 
electrodes switched in series with a voltage source and an elec- 
trometer (Keithley 602). In the case of the single channel re- 
cordings the electrometer was replaced by a Keithley 427 current 
amplifier. The amplified signal was monitored with a storage 
oscilloscope (Tektronix 5115) and recorded with a tape or a 
strip chart recorder. The orientation of the voltage was defined 
with respect to the addition of the polyanion (the c&side). A 
trans-negative potential (indicated by a minus sign) means that 
a negative potential was applied to the compartment opposite 
to the addition of the polyanion. 
3. RESULTS 
3.1. Inhibition of the adenine nucleotide 
permeation across the mitochondrial outer 
membrane 
Rat liver mitochondria suspended in sucrose 
medium were incubated with different concentra- 
tions of the polyanion in the presence of 4 mM 
MgCL. The mitochondria were centrifuged and 
resuspended in the original volume of sucrose 
medium to remove the unbound polyanion. To 
keep the mitochondria intact, adenylate kinase ac- 
tivity was determined in the same medium. A con- 
centration of 150 pug/ml of the polyanion was 
sufficient to inhibit 80% of the adenylate kinase 
activity located in the intermembrane space (fig. 1). 
However, the adenylate kinase activity was again 
measurable after the addition of increasing con- 
centrations of the detergent digitonin which is 
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Fig.1. Inhibition of adenylate kinase activity by the polyanion and reactivation f the enzyme by digitonin. Rat liver mitochondria 
were incubated for 5 min at room temperature with increasing concentrations of the polyanion in sucrose medium containing 5 mM 
MgC12. The mitochondria were subsequently pelleted and resuspended in the same volume with sucrose medium. 100 /rl aliquots of 
mitochondria pretreated with 150,ug/ml polyanion were incubated for 30 s at room temperature with different concentrations of 
digitonin. Adenylate kinase activity was determined immediately after incubation in sucrose medium within 10 ~1 of the mitochondrial 
samples. 
known to disrupt the mitochondrial outer mem- 
brane. At high concentrations of digitonin (above 
100 pg/mg) the adenylate kinase was almost com- 
pletely liberated from the intermembrane space 
and had 80% of its initial activity. The rest of the 
adenylate kinase activity was obtained after the ad- 
dition of Triton X-100 to the mitochondria. These 
results indicated that the adenine nucleotide ex- 
change between the outer mitochondrial compart- 
ment and the intermembrane space was blocked by 
the addition of the polyanion and that the 
adenylate kinase activity could indirectly be re- 
duced by inhibition of the nucleotide transport 
through the outer membrane pore. It is interesting 
to note that the polyanion inhibited also state 
respiration in a dose-dependent fashion. However, 
whereas the adenylate kinase was fully reversible 
after the addition of digitonin, the state 3 respira- 
tion could not be reestablished using the same pro- 
cedure. 
3.2. Effects of thepolyanion on the mitochondrial 
pore reconstituted into lipid biiayer 
membranes 
The effect of the polyanion on the adenylate 
kinase and state 3 respiration may be explained by 
a direct interaction between the polyanion and the 
adenylate kinase or the inner mitochondrial mem- 
brane, respectively. On the other hand, the per- 
meation of the polyanion through the outer 
mitochondrial membrane is questionable because 
of its limited permeability towards large hydro- 
philic solutes [3,4]. To test whether this effect was 
due to an interaction between the mitochondrial 
pore and the polyanion we performed lipid bilayer 
experiments in the presence of rat liver porin. 
77 
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After the reconstitution of the porin polyanion was 
added in a concentration of 1 pg/ml to the &side. 
If the membrane potential had a negative sign on 
the k-side, the membrane current decreased to 
half of its initial value (see fig.2). No decrease was 
observed on the other hand if the membrane 
potential was positive on the k-side. 
The sidedness of the action of the polyanion on 
the mitochondrial porin was studied in more 
detail, Fig.3 shows an experiment of this type. 
Polyanion was added to the &side of a membrane 
in which rat liver porin was reconstituted. A mem- 
brane potential of + 20 (upper trace) and - 20 mV 
(lower trace) was applied to the membrane. Only in 
the latter case was a reduction of the current 
through the pores observed. The same voltage did 
not result in a similar reduction of the pore func- 
tion in the absence of the polyanion. The polya- 
nion stabilized the pore in the open state if the sign 
of the transmembrane potential was positive on the 
c&side. Even voltages up to + 100 mV were not 
able to close the pores. Larger concentrations of 
the polyanion resulted in an even stronger shift of 
the voltage-dependence of the rat liver porin. 
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Fig.2. Inhibition of rat liver mitochondrial porin by the 
polyanion. 100 q/ml rat liver porin was added to the 1 M KC1 
solution bathing a membrane from asolectin/n-decane. 30 min 
after the addition of the porin the membrane conductance was 
stationary and the polyanion was added in a concentration of 
1 pg/ml to the &side of the membrane. The membrane 
potential was - 20 mV (with respect to the &side). Note that 
the addition of the polyanion to the other side had no influence 
on the membrane conductance; T = 2YC. 
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Fig.3. Asymmetric current response of rat liver porin after 
application of a membrane potential of different sign. The 
membrane was made of asolectin/n-decane. The concentration 
of the porin was 100 @ml in the 1 M KC1 solution. The cis- 
side contained in addition 1 pg/ml polyanion. A membrane 
potential of + 20 mV (upper trace) and - 20 mV (lower trace) 
was applied to the membrane (as referred to the cis-side) 40 min 
after the addition of the porin and 10 min after that of the 
polyanion. Note that the membrane current only decreased if 
the &-side was negative; T = 25°C. 
- 5 mV at the &-side were already sufficient to 
close the pore at a polyanion concentration of 
10 pg/ml whereas + 100 mV had again no in- 
fluence on the membrane conductance. 
3.4. Influence of the polyanion on the singie- 
channel conductance of rat liver porin 
The multichannel experiments described above 
indicated that the polyanion had a strong influence 
on the pore characteristics. Single-channel 
measurements were performed to characterize the 
influence of the polyanion in more detail. The 
single-channel conductance of rat liver porin used 
in this study was found to be identical to that 
which has been published earlier for small voltages 
[lo] (see fig.4A). The influence of the polyanion 
was again dependent on the sign of the membrane 
potential at the &-side, the side of the addition of 
the polyanion. Fig.4B shows a histogram of the 
conductance fluctuations observed with rat liver 
porin in which the cis-side (1 fig/ml polyanion) was 
positive by 10 mV. The size of the conductance 
fluctuations was equal to those of the control ex- 
periments. The size of the fluctuations decreased 
to about one half if the cis-side was negative 
(fig.4C). Such decrease of the single channel con- 
ductances was found to be identical to that ob- 
served at much higher voltages in the absence of 
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Fig.4. Histograms of conductance fluctuations observed with rat liver porin in the presence and absence of the polyanion. (A) Control 
(no polyanion); A = 4.1 nS for 195 single events, V, = 10 mV. (B) The polyanion was added in a concentration of 1 /cg/ml to the 
&-side; A = 4.2 nS for 162 single events; V, = + 10 mV. (C) Same conditions; A =2.3 nS for 210 single events; V, = - 10 mV. (D) 
Control (no polyanion); A = 2.4 nS for 153 single events; V, = 50 mV. 
the polyanion (I’, = 50 mV, fig.4D). These results 
indicated that the polyanion did not simply block 
the channel but shifted its voltage-dependence to 
smaller voltages if the sign was negative at the cis- 
side. For voltages positive at the &side the 
mitochondrial porin was always in the open state, 
4. DISCUSSION 
Our results clearly showed that the effects of the 
polyanion on the mitochondrial metabolism which 
has been described previously [ 17,181 have nothing 
to do with a direct inhibition of the carrier proteins 
located in the mitochondrial inner membrane but 
are most likely caused by an interaction between 
mitochondrial porin and polyanion. Similar con- 
clusions have also been drawn from the data of 
patch-clamp experiments with whole mitochondria 
[19]. The different concentration ranges of these 
effects are most likely caused by the formation of 
different microcompartments at the mitochondrial 
surface [23]. This could mean that the pores 
located in different regions of the mitochondrial 
outer membrane (i.e. inside and outside of the con- 
tact sites [24]) may need different concentrations 
of the polyanion for the shift into the closed state. 
This seems plausible because the asymmetry of the 
membrane is different at different zones of the sur- 
face either caused by intrinsic asymmetries of the 
membrane or by changes of the surface potentials 
on both sides of the membrane [10,23]. 
We also showed in this study that the influence 
of the polyanion on the mitochondrial porin may 
be explained by a shift of its voltage-dependence. 
Increasing concentrations of the polyanion 
resulted in a closure of the pore at much smaller 
membrane potentials negative at the cis-side. Large 
membrane potentials positive at the c&side no 
longer closed the pore, which may indicate that the 
polyanion interacted with the gate of the 
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mitochondrial porin, leaving the other pore 
characteristics unchanged. The polyanion closed 
the mitochondrial pore in the experiments with in- 
tact mitochondria. This may be explained by the 
assumption that the surface of the mitochondria is 
more negative as compared to the intermembrane 
space, a result which is in accordance with the 
published literature [ 161. 
In previous publications [ 10,15,16,23] we have 
suggested that the closed state of the mitochondrial 
porin may be part of the control of mitochondrial 
metabolism. This would only be possible if this 
state has a different permeability and selectivity 
than the open state. In fact, our data provided the 
first evidence that the closed state of the mitochon- 
drial pore was impermeable for ATP and ADP 
because the adenylate kinase activity could be 
blocked in a reversible way. This means that a 
voltage-dependent closure of the pore could stop 
mitochondrial metabolism in the presence of the 
polyanion as has been observed in previous studies 
[ 17,181. This result would also agree with the 
observation that the closed state of the mitochon- 
drial porin is cation-selective [14] while the open 
state is weakly anion selective if cation and anion 
have the same mobility in the aqueous phase [14]. 
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